INTRODUCTION
Existing in more than 60 countries, active (swelling) soil is a world-wide problem (Shi et al., 2002; Romana, 1993) . It undergoes considerable volume change upon ‰uctuations in moisture content. As shown in Fig. 1 , this volumetric behaviour causes cracking and breakup of civil engineering infrastructure. Although a number of methods are available to reduce the swell potential of clayey soils, most of them are costly and may not be appropriate for application in developing countries. For instance, in the case of chemical stabilization methods, the use of lime for stabilization is reportedly the most eŠec-tive, economical and widely used method (Nelson and Unit: meq/100 g Fig. 2 . Particle size distribution of the tested mateiral Miller, 1992; Phanikumar and Sharma, 2006; Khattab et al., 2007) . However, heavy machinery (equipment) is required to spread and mix lime with soil. Procurement of equipment considerably increases the cost of construction for the project at hand and hence may render the method inappropriate. In addition, the long-term performance of lime-stabilized active soils is not yet well understood (Puppala et al., 2006; Khattab et al., 2007) . Mechanical methods on the other hand, include mixing with inert soils (Farooq and Munir, 2006) , overloading, and pre-wetting or pre-swelling (Stavridakis, 2006; Reed, 2006) . With regard to environmental concerns, mixing with inert soils may not be feasible (Yang and Zheng, 2006) . Overloading is only a viable technique in case of big projects but for small projects the pressure transmitted by an overlying structure may not compensate for the swelling pressure generated by hydrating active soil. Preswelling, which means supplying water for active soil to swell before constructing a structure on it, is eŠective in reducing post-construction swelling but is time prohibitive if done using ponding method (Stavridakis, 2006) . In addition, arguments of Reed (2006) depict that use of high pressure water injection technique to pre-swell soil is cost prohibitive.
There is no literature on the eŠect of post-swelling compaction which is herein referred to as``wet compaction''. This concept is to mechanically excavate an active soil, mix it with water, allow some time for the soil-water mixture to undergo free swelling, and then compact at the desired moisture content. Use of this technique is likely to hasten the process of pre-swelling and will not require highly sophisticated technology to carry out. Traditional and simple compaction techniques such as the Japanesè`Y oitomake'' technique can be used for compaction. Consequently, this technique may be easily practiced in developing countries where, due to the need to create employment opportunities, labour-based technologies are preferred to equipment-based ones. This is particularly the case in small construction projects.
The present study employed sand-bentonite mixtures to investigate the eŠects of wet compaction and lime stabilization on the swelling potential of active clayey soils subjected to wetting by inundation. The possibility of combining the two methods to save the amount of lime, and the eŠect of cyclic wetting and drying on the performance of the two aforementioned techniques were also studied.
MATERIAL CHARACTERISTICS
Swelling of clayey soils is induced most signiˆcantly by the presence of montmorillonite minerals which are included amply in, for example, bentonite clay. In this study, the tested material was obtained by mixing 60z Yurakucho sand and 40z Na-bentonite (KuniGel V1 with liquid limit of 450z and plastic limit of 421z; for its chemical properties, refer to Table 1 ) by weight of the dry mixture. Since this mixing was conducted in dry states, material segregation did not take place.
Yurakucho sand in Tokyo alluvial deposits wasˆrst sieved through 2.0 mm mesh size and pure water was used to prepare samples. Details of particle size distribution, the tests of which were done according to JGS (2000) , are shown in Fig. 2 . 50z of the particles were sand-sized, 13 z silt-sized, and the clay fraction constituted 37z. Consistency limits determined for the whole sample (non standard method) indicated that the mixture had liquid limit value of 103z and plastic limit of 19z. The plasticity index and activity of the tested material were 84 and 2.3, respectively. The particle density of the material was 2.61. Compaction characteristics of the material using standard energy (552 kJ/m 3 ) are shown in Table 2 . Hydrated lime (Ca(OH)2) in powder form was used to stabilize the tested material. It was a commercial lime purchased from Showa Chemicals Co. Ltd., Japan, and had the following properties: Magnesium and Alkalis (sulfate)＝4.0z, Assay＝95.0z, Cl＝0.02z, Heavy metals＝0.004z and Arsenic (As)＝5 ppm. 
METHODS AND EXPERIMENTAL TECHNIQUES

Determination of Optimum Lime Content
The pH tests were performed on the samples of tested material mixed with 1, 2, 3, 4, 5, 6, 9 and 10z lime to determine the optimum amount of lime for the tested material (Eades and Grim, 1966) . In the tests, 150 ml of water was added to 20 g of the dry mixture and the mixture-water solution was kept for one hour after which the pH measurement was done. The results of this analysis are given in Table 3 . The pH tests indicated that the tested material without lime had a pH value of 8.32 which increased with increase in the lime content. The optimum amount of lime was determined as the minimum value of lime content (2z) that increased the pH value of the tested material to the ultimate value of 12.4 (Eades and Grim, 1966) .
Sample Preparation
After mixing the tested material with water at a variety of initial moisture content (IMC), samples were kept for three days in plastic bags under zero pressure to allow free swelling to be completed before compaction in an oedometer ring (60 mm in diameter and 20 mm in height). After compaction by tamping at a desired dry density (IDD), the oedometer cell was placed into the loading system (Fig. 3 ). These samples are referred to as`W et compacted samples'' (WCS, see Fig. 4 ). In another set of samples, compaction was made immediately after mixing with water without allowing free swelling; they are termed``Non Wet compacted samples'' (NWCS, see Fig. 4 ). All the samples in the present study wereˆrst loaded under 15 kPa and then subjected to inundation. The stress level of 15 kPa was chosen by considering light structures in developing countries and also the fact that swelling occurs at shallow depth.
Addition of lime to NWCS and WCS made it possible to assess the eŠect of lime on the swell potential of the tested material and to investigate the possibility of saving lime by combining wet compaction and lime stabilization. For NWCS, lime was mixed with the dry sand-bentonite mixture. In case of WCS, lime mixing was carried out after three days of free swelling. Note that this free swelling time is consistent with that for the aforementioned WCS tests. It should be noted that more water was necessary to ensure that the moisture content of lime-WCS mixture corresponded to the lime-NWCS.
All lime-treated specimens and cyclically wetted and dried samples were prepared at their maximum dry density and the optimum moisture content ( Table 2 ). As the compaction characteristics were determined only for untreated and 6z lime-treated samples, the maximum dry density and optimum moisture content for other lime contents were determined assuming a linear relationship between lime content and compaction characteristics.
Method of Cyclic Wetting and Drying
Cycles of wetting and drying during swell potential tests accounts for the seasonal change of moisture content in nature. It was accomplished byˆrst subjecting samples to wetting by inundation under 15 kPa in swell percent tests (Fig. 3) . When swelling deformations were nearly complete under the room temperature of 209 C, samples were transferred to an oven (Fig. 5) , and main- tained at 409 C. This temperature corresponds to the ground temperature in summer of concerned countries. Drying under 15 kPa stress continued until samples exhibited no tendency for further reduction in height. The shrunken sample was then transferred to swell percent test apparatus (Fig. 3) again, immediately loaded by 15 kPa vertical stress, and inundated. A cycle of wetting and drying was deˆned by eight days of drying of a previously fully wetted sample and another 8-10 days of rewetting in the swell percent device.
With regards to unconˆned compression strength (UCS), wetting-drying cycling was done on specimens which were put, after three days of curing at compaction moisture content and even days of soaking in water, in a stainless metallic container in which sand isolated the clay specimen from the metallic walls. The free surface of sand was about 30 mm above the specimen (Fig. 6) . The specimen was then transferred to the oven maintained at 409 C for drying until no further change occurred in specimen mass, which was measured on a daily basis, after seven days. Samples after the oven drying were cooled under room temperature for 24 hours and then later soaked in water for seven days. The above process of drying and rewetting of a specimen which has been soaked for seven days deˆnes one cycle of wetting and drying in this study.
Unconˆned Compression Tests
Unconˆned compression strength (UCS) was measured by running strain-controlled triaxial tests with null conning pressure. The load cell was of an electronicresistant-strain gauge type made from a block of phosphor-bronze. The axial strain of the test specimen was measured by a LVDT which had a stroke of 30 mm. When samples were ready for testing, they were trimmed out of the soft (weak) top portion (5-10 mm), depending on the number of wetting and drying cycles (Fig. 7) . After trimming, they were placed in the triaxial machine and compressed with a paste of gypsum that sandwiched the specimen. Gypsum paste was intended to minimize the bedding error eŠects.
Swell Percent and Shrinkage Tests
Swell percent and shrinkage tests were carried out under a seating (vertical) pressure of 15 kPa. In swell percent tests, after the initial deformations were completed under the seating pressure at compaction conditions (except when the parametric study of the eŠect of initial dry density was the subject of the test), samples were inundated and allowed to swell to theˆnal equilibrium level ( Fig.  8(a) ). In this study, swell percent (SP) is the percent change in sample height with respect to the height after inundation. Shrinkage tests were conducted at 40±19 C by drying samples which were previously subjected to swell percent tests. Drying was stopped when the specimens showed no sign of further change in height-called full shrinkage. The shrinkage percent (SP*) at the seating pressure of 15 kPa was calculated as the ratio of the change in sample height to the height of sample after theˆrst inundation expressed in terms of percentage.
RESULTS AND DISCUSSION
Wet Compaction
When an active soil is wetted, it swells. This volumetric behaviour of active soils under constant wetting (water supply) depends on the initial dry density, moisture content, and the vertical stress (surcharge) as well as the amount of swelling prior to compaction among many other factors. Swelling is greater for higher dry density, lower moisture content, and lower surcharge as are going to be presented in what follows. Figure 8 presents a comparison of strain-time history for wet compacted and non wet compacted samples which were compacted to, and tested under, similar conditions. Swelling is reduced by wet compaction of samples. In Fig. 9(a) comparison is made of the swelling rate computed using a hyperbolic curve (Eq. (1)) (Komine and Ogata, 1994) in which the curveˆtting constants, a and b, are obtained by a nonlinear curveˆtting of SP against time, t, during hydration.
SP＝ t a＋bt
and, hence,
where the ultimate value of SP at t＝/ is given by 1/b. Upon the initial loading to 15 kPa, both samples underwent sudden compression. However, the compression strain was 0.2z for WCS, while 0.75z for NWCS. Thereafter, the deformation continued almost in parallel with each other so that the overall deformation was greater for NWCS (Fig. 8(a) ). When inundated, wet compacted samples (WCS) swelled at a relatively lower rate as compared to the non wet compacted samples (NWCS) (Figs. 8(a) and 8(b) ) and the maximum swell percent was higher for non wet compacted samples (Fig. 8(b) ). The study further revealed that the mitigative eŠect of wet compaction is more pronounced at higher mixing (compaction) moisture content. In Fig. 9 the time history of swelling and hence the maximum swelling is inferred from slope, b, of the plots. In theˆgure, the maximum swelling is lower for steeper slope and vice versa. Hence, one can easily observe that the diŠerence in slope is smaller in Fig. 9 (a) than in Fig. 9(b) . It is because the compaction moisture content is higher in Fig. 9(b) and higher compaction moisture content means more swelling has already been induced prior to compaction and inundation.
In general, the swell potential of the tested material increased with initial dry density (IDD) and decreased with increasing compaction moisture content (IMC). Figure  10 shows the relationship between initial dry density and maximum swell percent and the mitigative eŠect of wet compaction is apparent. In theˆgure, the values indicated beside the plotted points are the initial moisture contents. In Fig. 10(a) , compaction was done at the optimum moisture content (OMC) while for Fig. 10(b) compaction was performed at 1.4 times the optimum moisture content. Although one data point suggests a low extent of swelling, greater swelling was in general associated with non wet compacted samples (NWCS) in comparison to wet compacted samples (WCS). The reduction in swell percent ranged from 10z to over 50z, depending on the initial moisture content and density. Theseˆndings are supported by the arguments advanced by Sivapullaiah (2006) who stated that, when clay particles adsorb water, the adsorbed water in turn causes a small amount of swelling related to the enlargement of the capillaryˆlms and that the pore pressure forcing the clay particles apart is balanced by any applied stress.
Lime Stabilization
The optimum lime content of 2z as determined by pH tests (Table 3) rendered the initially highly active tested material inactive (Fig. 11) . This means that stabilization of active soils is mainly due to lime modiˆcation reactions. These results are supported by theˆndings reported by many researchers (e.g., Rao et al., 2001 ). The test conditions for the samples whose results are shown in Figs. 11 and 12 are presented in Table 4 . Figure 11 shows that the greater extent of lime mixing reduces the free swelling, although the order of test results for 2z and 3 z lime are opposite. This eŠect of lime mixing is evidently because grain structure is solidiˆed by solidiˆed lime and swelling is reduced. Note that the solidiˆcation started from the earliest stage as suggested by lower density for higher lime content in spite of same compaction energy. However, when 1z lime was added to WCS, the volumetric behaviour of both lime-treated NWCS and WCS was alike (Fig. 12) . The lime modiˆcation reactions should have consumed the already adsorbed water, and destroyed the structure created by swelling prior to compaction which in itself destroyed the advantages of wet compaction.
EŠect of Seasonal Moisture Content in Nature
In nature, dry and rainy seasons are repeated every year and are likely to cause cyclic wetting and drying in clay. This chapter studies this point. Without lime mixing, the swelling potential of wet compacted samples (WCS) during succeeding cycles increased as a result of cyclic wetting and drying (Fig. 13) . This was diŠerent from the behaviour of non wet compacted samples (NWCS). The most signiˆcant increase occurred during the second wetting probably because of the damaging eŠect of theˆrst drying. The peak swell percent then decreased (relative to the second wetting) with the number of cycles until the 4th cycle when the stationary state was reached (Fig. 13) . Thus, the beneˆts of wet compaction are lost when soil is subjected to seasonal change of moisture content. The initially adsorbed water onto the surface of clay particles is destroyed byˆrst drying since the adsorbed water evaporates and is lost. In the drying stage of experiments, the horizontal shrinkage was evidenced by cracks as seen between soil and oedometer. It caused soil to move approximately 0.5-1.0 mm away from the conˆning ring and so the measured shrinkage was only partial (vertical) shrinkage as horizontal shrinkage was not quantiˆed in this study. Desiccated samples have higher dry density and lower moisture content compared to compaction conditions. In light of the eŠect of initial dry density and moisture content, the swell percent due to second wetting is considerably higher than that of theˆrst wetting. In the subsequent wetting, the eŠect of fatigue comes into play and the swell percent starts to decrease with increasing number of cycles until equilibrium is reached (Fig. 13) .
As shown in Figs. 14 and 15, the optimally lime-treated samples partially regained their swell potential due to cyclic wetting and drying. The most signiˆcant gain occurred during theˆrst drying (Fig. 15) . Swell percent decreased thereafter with equilibrium in the 4th cycle (Fig. 15) . However, tests on 6z lime-treated samples (Fig. 15) indicates that overly treated soil (6z lime) could Cyclic wetting and drying showed beneˆcial eŠects on the strength growth of 6z lime-treated samples (Fig. 16) . The rate of gain of strength was steady and higher than continuously soaked specimens up to the 3rd cycle of wetting and drying (52 days), although a minor tendency of decrease occurred thereafter.
RECOMMENDATION FOR APPLICATION OF STUDY RESULTS
The present study concerns proposal of a relatively inexpensive measure which can mitigate the problem of swelling soil. Its special emphasis is placed on small projects in developing countries where labour-oriented measure is preferred to machine-oriented ones. The experiments conducted indicate that wet compaction has some beneˆts. The beneˆts, however, are lost due to cyclic wetting and drying. Therefore, it is recommended that, for eŠective and e‹cient application of the technique, a mechanism to minimize moisture variations in the soil should be installed in place. In the case of houses, such a mechanism could involve having a regularly irrigated vegetable or ‰ower garden around the house.
Lime stabilization is the most suitable technique for improving the volumetric stability of the soil. Therefore, as indicated by the results of the study, it is better to use lime in excess of the optimum amount especially if the treated soil is to experience cyclic wetting and drying. Optimum amount of lime which results in optimum gain in volumetric stability is likely to lose some of its beneˆts due to cyclic wetting and drying.
CONCLUSIONS
The present study was conducted in order to propose a less expensive measure to mitigate the problem of swelling soils. Laboratory tests were conducted on mitigation of swelling of active clay using sand-bentonite mixtures subjected to inundation. Wet compaction and lime stabilization techniques were investigated. In this study, wet compaction refers to excavation of an active soil, mixing it with water and allowing some time for the soilwater mixture to undergo free swelling and then compacting at the desired moisture content which is equal to or higher than the optimum moisture content. The major conclusions drawn from the study are described below.
1. Wet compaction reduced the swell potential of bentonite-sand mixtures, and can thus be used as one of the measures to mitigate swelling of clayey soils. The reduction e‹ciency increased with moisture content upon wet compaction. However, its beneˆts are lost after being subjected to cyclic wetting and drying. 2. Lime stabilization is a very eŠective technique for improving the volumetric stability of soil. As indicated by the results of the study, however, if the optimum amount of lime which results in optimum gain in volumetric stability is used, the treated soil will be negatively aŠected by cyclic wetting and drying. Lime content higher than the optimum amount managed to withstand the eŠects of cyclic wetting and drying. 3. Cyclic wetting and drying improved the unconˆned compression strength. However, these beneˆcial eŠects were partially lost at higher number of cycles.
